Abstract. Ultrasonic melt treatment (UST) is known to induce grain refinement in aluminum alloys, especially when transition metals like Zr and Ti are present. The refinement of primary intermetallics (e.g. Al 3 Zr, Al 3 (Zr,Ti)) caused by UST may influence the subsequent solidification process when intermetallics act as nucleation sites. In this paper, an Al-Ti-Zr alloy is used to analyse the effect of different ultrasonic intensities on the formation of these primary intermetallics. The possible nucleation behaviour of Al 3 Zr particles during UST is also discussed and an edge to edge matching model is used to make a preliminary analysis of lattice mismatch between aluminum oxide and Al 3 Zr phase. The experimental results show that when UST is applied, the Al 3 (Zr,Ti) particles might nucleate on aluminum oxides and remain fine during solidification.
Introduction
Ultrasonic melt treatment (UST) is known to induce grain refinement in aluminum alloys. The basic principle is the introduction of acoustic waves with a frequency higher than 17 kHz into liquid metal. High frequency and high amplitude oscillations result in cavitation of the melt and also promote intense mixing through agitation. The reported mechanisms of grain refinement by UST range from nucleation alteration through local undercooling and wetting of substrates to fragmentation and transport of dendrites [1, 2] .
One of the most frequently cited effects of UST is the increasing number of nuclei for heterogeneous nucleation during solidification. Cavitation activates high temperature stable particles (e.g., oxides, intermetallics) that exist in the melt and turns them into nucleation sites [2, 3] . Furthermore, the implosive collapse of bubbles and acoustic streaming lead to high shear and bending stresses in the melt. The result forces the growing dendrites to fragment, which can be another powerful means for increasing the number of grains [4] . The grain refinement usually was found to be more pronounced in alloys with a wider solidification range or transition zone [2] .
Previous studies have clearly shown that in Al-Zr-Ti alloys, the primary Al3(Zr,Ti) intermetallics are dramatically refined, possibly by cavitation-assisted fragmentation or nucleation effect. Aluminum grain refinement occurs when the UST is performed in the temperature range of primary solidification of Al3(Zr,Ti) [5] . The suggested mechanism involves the heterogeneous nucleation of Al on smaller intermetallic particles at higher undercooling [6, 7] . In this article, the mechanism of the formation of primary intermetallics under UST in an Al-Zr-Ti alloy is further studied. An Al-Zr-Ti alloy was treated by ultrasound with different intensities. The nucleation behavior of primary Al3(Zr,Ti) intermetallics in the melt under UST is also assessed by edge to edge matching model and experimental results. The aim of this paper is to discuss the morphology and size of primary intermetallics formed under different intensities of ultrasound in an Al-Zr-Ti alloy, and a mechanism of the formation of these primary intermetallics under UST.
Experimental procedure
In this study, an Al-0.4 wt% Zr-0.12 wt% Ti alloy was cast either in a permanent steel mold or in a graphite crucible. All molds were preheated before casting. The cooling rates during solidification in the steel mold and graphite crucible were 2.0 K/s and 0.8 K/s, respectively. Experimental alloys were prepared using 99.97 wt% pure Al, Al-5wt % Ti and Al-6 wt% Zr master alloys. The experimental setup for UST comprised a 5-kW ultrasonic generator, a 5-kW magnetostrictive transducer with water-cooling system and a niobium ultrasonic horn (sonotrode).
During experiments, the Al-0.4 wt % Zr-0.12 % Ti alloy was first molten in an electric furnace, and then treated in the crucible (approx. 0. Experiments on the influence of oxides on the formation of Al 3 Zr primary intermetallics were performed by mixing aluminum oxides films at 820°C in the Al-0.4 wt % Zr-0.12 % Ti alloy melt. After mixing, the melt was treated by ultrasound at 4.0 kW generator power from the liquidus of Al 3 Zr (790 °C) to approximately 750 °C, then cast into the graphite crucible. Without ultrasonic treatment the pouring melt temperature was 790 °C after mixing aluminum oxides films.
The chemical composition of all tested Al alloys was measured using a spark spectrum analyzer (Spectro, Kleve, Germany) or X-ray fluorescent analysis. The grain structure of all samples was examined in an optical microscope after grinding, polishing, and electro-oxidizing at 20 VDC in a 3% HBF 4 water solution. Grain size was measured using the linear intercept method, and the statistical analysis of the results was performed.
Morphology of the primary intermetallic particles was examined either in an optical microscope or in a scanning electron microscope (SEM) JSM 6500F. The chemical composition of the particles was measured by energy dispersive X-ray spectrum analysis (EDS).
Results and Discussions

Effect of ultrasonic power on primary intermetallics
It has been demonstrated earlier that ultrasonic treatment results in refinement of primary intermetallics and increase of their numbers [5] [6] [7] . In order to evaluate the mechanism of the formation of primary intermetallics under different ultrasonic intensities, the Al-0.4 wt % Zr-0.12 % Ti alloy was subjected to UST with different generator powers and corresponding amplitudes, as shown in figures 1 and 2.
When UST was applied, Al3(Zr,Ti) intermetallics were found in two types of morphologies: separate plates and agglomerated particles. As shown in figures 2 and 3, the size of separate plates and agglomerated particles slightly increases while increasing the amplitude, while the number of agglomerated particles decreases dramatically. There are only few agglomerated particles found under the usage of 4 kW generator power. Higher intensity ultrasonic treatment causes more uniform distribution of intermetallics due to more intense acoustic flows, and, therefore, more separate plates and less star-like agglomerated particles are observed.
It should be noted that no intermetallic was found in the case of No-UST under given cooling conditions ( figure 3(a) ), in opposition to the very large intermetallics observed after slow cooling rate in earlier experiments [7] . This is perhaps because the peritectic reaction is suppressed at the relative high cooling rate used in this work. In this case Zr will form a supersaturated solid solution with Al [8] .
It is suggested here that the UST might increase the nucleation rate of primary Al3(Zr,Ti) intermetallics in addition to fragmentation effect, which will be discussed in the next section. The separate plates usually appear in the center of the grains, as shown in figure 3(b) . Although the agglomerated particles can also be found inside the grains, their distribution is much more random and does not have a clear association with the grain nucleation. As a result, the grain size decreases with increasing proportion of separate plates, i.e. with the increasing ultrasonic intensity (figure 2). Most of agglomerated particles consist of several fine intermetallics with the size ranging between 1 and 3 μm. The size of these fine intermetallics decreases with decreasing generator power as well. It is suggested that the morphology and type of intermetallics may play a role in nucleation as important as their size and distribution. The separate plates might act much more easily as nucleation sites and promote the grain refining effect by heterogeneous nucleation than the agglomerated particles, as illustrated in figures 2 and 3.
Nucleation behavior of primary intermetallics under UST
Fragmentation is sometimes considered as the main mechanisms of grain refinement caused by UST. However, in our experiments, the size of primary intermetallics increases with increasing ultrasound intensity, which means that the fragmentation effect might not be the only mechanism of the formation of fine intermetallics during solidification. It is well known, that besides cavitation-assisted fragmentation, UST also gives other benefits to the melt. Transformation of non-wettable oxides present in the melt to nucleation sites is one of the widely discussed effects induced by UST [9, 10] . So the oxides effect on nucleation of these primary intermetallics under UST is worthy of further study. Aluminum oxides always exist in the melt during casting and are stable at the high temperature range at which primary Al 3 Zr forms. Do oxides affect the formation of Al 3 Zr primary intermetallics by heterogeneous nucleation to some extent? This is the main question we discuss in this section.
Lattice mismatch is one of the important factors that can be used to predict the nucleation potency of potential nucleation sites. In order to analyse the nucleation behavior, edge to edge matching model [11, 12] is used for a preliminary analysis of lattice mismatch between aluminum oxides and Al 3 Zr phase.
At normal casting temperature, Al 3 Zr has a body-center tetragonal structure (DO 23 ) with the lattice parameters a=0.4009 nm, c=1.728 nm [13] . Taking atomic positions and diffraction intensity data (MDI Jade 5.0) into consideration, the most close packed atomic row families run along <401> Al 
Where r m and r p are interatomic spacings along close packed directions of nucleated solid and substrate, respectively. The interplanar spacing misfit f d is defined by
Where d m and d p are interplanar space of close packed planes in nucleated solid and substrate, respectively. From the calculation, a very small mismatch can be found between aluminum oxide and Al 3 Zr phase, which means that oxides might have a good potency to be the substrate for the Al 3 Zr phase during nucleation. So as to check this possibility, extra aluminum oxide films were mixed into the melt before UST and casting the Al-0.4 wt % Zr-0.12 wt %Ti alloy. The melt was cast in a graphite crucible in order to obtain primary intermetallics at a relatively low cooling rate. Figure 4 gives the overview of primary intermetallics in the Al-0.4 wt% Zr-0.12 wt% Ti alloy cast with and without UST in the condition of extra aluminum oxide films were mixed. The particles size was reduced from 30-50 μm without UST to 5-10 μm when UST was applied. Figure 5 (a) represents the SEM image of primary intermetallics in the Al-0.4 wt% Zr-0.12 wt% Ti alloy subjected to UST after mixing an extra aluminum oxide film. According to EDS, the upper cross-shaped black phase contains 21 wt % oxygen and 79 wt % Al, and represents therefore the mixed Al 2 O 3 , as shown in figure 5(b) . The lower cross-shaped grey particle is Al 3 Zr, with approximately 4% dissolved Ti inside ( figure 5(c) ). Most of the intermetallics are 5-10 µm when UST is applied. In the light of similar shape of aluminum oxide and Al 3 Zr particle observed in figure 5 , it is suggested that we have observed the oxide substrate separated from the primary Al 3 Zr particles during sample preparation. Hence, it is possible that the primary phase nucleates on aluminum oxide and grows along the oxide substrates during solidification. This kind of particles could retain fine structure in the melt (around 5 µm), and become the nucleants for Al grains during solidification. However, without UST, the mixing-in of aluminum oxide films did not lead to refinement of primary particles and no association between oxide particles and primary intermetallics could be found. There are two possible factors acting here. On the one hand, oxides are usually not wettable by the melt, because of the gaseous phase absorbed at their surface. Due to the pressure pulse generated from the collapse of cavitation bubbles, these oxides can be wetted by the melt and transformed to additional nucleation sites. On the other hand, the UST promotes dispersion of oxides from their agglomerates and films, making their distribution finer and more uniform in the melt, therefore, increasing the possibility of nucleation for Al 3 Zr phase on oxides.
It is worth to note that, although improving wetting ability of oxides by UST may promote the formation of fine primary intermetallics, few primary particles were found around oxides and the amount of oxide inclusions is a lot smaller than the number of fine Al 3 Zr particles. It is suggested that both -the cavitation-induced fragmentation and the nucleation of primary intermetallics -should be considered for explaining the formation of fine primary intermetallics under UST.
Conclusions
Ultrasonic treatment of molten aluminum alloys can refine the intermetallics when it is applied in the temperature range of their primary solidification. The formation of fine intermetallics and related grain refinement are influenced by the intensity of ultrasound. It is suggested that the morphology and type of intermetallics may play an important role in nucleation as the size and distribution. Experimental results also show that UST promotes the increasing of nucleation rate of primary intermetallics. The oxides in the melt might play a role in the formation of these fine intermetallics.
